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ABSTRACT

The relationship between genotype and phenotype is often described as an adaptive fitness landscape. In this study, we used a
combination of recombination, in vitro selection, and comparative sequence analysis to characterize the fitness landscape of a
previously isolated kinase ribozyme. Point mutations present in improved variants of this ribozyme were recombined in vitro
in more than 10" different arrangements using synthetic shuffling, and active variants were isolated by in vitro selection.
Mutual information analysis of 65 recombinant ribozymes isolated in the selection revealed a rugged fitness landscape in
which approximately one-third of the 91 pairs of positions analyzed showed evidence of correlation. Pairs of correlated
positions overlapped to form densely connected networks, and groups of maximally connected nucleotides occurred
significantly more often in these networks than they did in randomized control networks with the same number of links. The
activity of the most efficient recombinant ribozyme isolated from the synthetically shuffled pool was 30-fold greater than that
of any of the ribozymes used to build it, which indicates that synthetic shuffling can be a rich source of ribozyme variants with
improved properties.
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INTRODUCTION the effects of the subtilisin mutations QI103R and N218S
are multiplicative with respect to k.,/K,, and additive with re-
spect to the free energy of transition-state stabilization (Chen
et al. 1991). More systematic studies suggest that, in at least
some cases, the adaptive fitness landscapes of proteins can
be relatively smooth (Gregoret and Sauer 1993; Hatley et al.
2003; Shulman et al. 2004; Lunzer et al. 2005; Pal et al.
2005). For instance, mutational effects in 164 mutants of iso-
propylmalate dehydrogenase (containing various combina-
tions of amino acids at six positions in this protein) are

An important goal in the field of molecular evolution is to
better understand the structure and properties of adaptive fit-
ness landscapes. Theoretical models suggest that many prop-
erties of such landscapes, such as the total number of fitness
peaks and the average number of mutational steps to a local
fitness peak, depend primarily on two factors: N, the number
of building blocks in a macromolecule, and K, the extent to
which these building blocks interact (Kauffman 1993).
These models also indicate that if a macromolecule is built : :
of relatively independent building blocks, it can be more ef- typlcally}ndependent of one another (L.unzer et al. 2005).

ficiently optimized by recombination than by random muta- Funcuonal RNA m.olecu1es such as r1boz.ymes can also be
genesis alone (Holland 1992; Kauffman 1993). built of smaller, relatively independent units. For example,
the P4-P6 domain of the Group I intron can fold correctly
when separated from the rest of the ribozyme (Murphy and
Cech 1993; Cate et al. 1996; Doherty and Doudna 1997),
and secondary structure elements that can fold and function
by themselves are often identified in the context of larger ri-
bozymes by comparative sequence analysis (Ekland and
Bartel 1995; Curtis and Bartel 2005). Secondary structure el-
ements can often be broken down into even smaller building
blocks. For example, in many cases, the thermodynamic
stability of an RNA helix can be predicted by assuming that

It is well established that proteins can be built of smaller
independent units. In many cases, these units correspond
to independently folding structural domains, and they some-
times also represent functional units of the protein. Further-
more, effects of single amino acid substitutions in proteins
are typically independent of one another, except when the
mutated positions are close in the three-dimensional fold
of the protein (Wells 1990). For example, when combined,
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mutations (Bare and Uhlenbeck 1986; Sampson et al. 1992;
Putz et al. 1993) and functional group substitutions (Silver-
man and Cech 1999) can be independent in the context of
larger structured RNAs. At the same time, the fundamental
role played by base pairs in RNA structure ensures that mu-
tational effects at some pairs of positions in a functional RNA
will be coupled, and mutational effects at groups of positions
involved in tertiary interactions such as base triples can also
be linked (Tanner et al. 1997). Examples of coupled muta-
tional effects at pairs of positions that are distant in the
three-dimensional structure of an RNA have also been re-
ported (Putz et al. 1993).

In this study, we used a method of in vitro recombination
called synthetic shuffling (Ness et al. 2002), in combination
with in vitro selection, comparative sequence analysis, and
site-directed mutagenesis, to investigate two related ques-
tions about the adaptive fitness landscape of a previously iso-
lated kinase ribozyme (Curtis and Bartel 2005). First, to what
extent are mutational effects in this ribozyme independent of
one another (Fig. 1)? Second, as has been demonstrated for
proteins (Stemmer 1994a,b; Crameri et al. 1998), is recombi-
nation a useful way to search the fitness landscape of this ri-
bozyme for variants with improved properties? Our results
indicate that mutational changes at 13 of the 91 pairs of po-
sitions in this ribozyme analyzed are strongly correlated, and
~30 pairs show some evidence of correlation. About half of
the strongest correlations could be rationalized in a reference
mutational background, and further analysis revealed that,
for some pairs of positions, mutational effects were strongly
coupled in one sequence background but modestly coupled
or even independent in others. Our results also show that re-
combination can be an effective way to search the adaptive
fitness landscape of a ribozyme for variants with improved
catalytic properties: the activity of the most efficient ribozyme
isolated from the synthetically shuffled pool was 30-fold
greater than any of the ribozymes used to build it, with a sec-
ond-order rate enhancement approaching 10'°-fold.

RESULTS

In vitro recombination by synthetic shuffling

Our questions about adaptive fitness landscapes were ad-
dressed in the context of a previously described kinase ribo-
zyme called 5-16 (Curtis and Bartel 2005). This ribozyme
thiophosphorylates itself at an internal 2’ hydroxyl group us-
ing GTPYyS as a substrate (Fig. 2A). Its secondary structure
consists of a pseudoknotted hairpin containing two asym-
metric internal loops, flanked by two less conserved helices
that are not required for catalytic activity (Fig. 2B). In addi-
tion to the prototype sequence, 22 variants of this ribozyme
were previously isolated by random mutagenesis and reselec-
tion, some of which had catalytic activities 40-fold greater
than that of the parental kinase.
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FIGURE 1. Types of adaptive fitness landscapes. On the left side of each
panel, six positions in a hypothetical ribozyme are shown, with links
indicating pairs of positions at which mutational effects are coupled.
On the right side of each panel, a hypothetical data set is plotted, illus-
trating the type of relationship that might be observed between the prod-
uct of the two single-mutant effects (x-axis) and the double-mutant
effect (y-axis) on the catalytic rate of the ribozyme for each of the 15
possible pairs of positions. The line in each graph indicates the expected
relationship between the product of two single-mutant effects and the
double-mutant effect for independent positions. (A) Hypothetical illus-
tration of a smooth adaptive fitness landscape. All 15 pairs of positions
are independent, so that the product of the mutational effects at any two
positions is always equal to the mutational effect of the double mutant.
(B) Hypothetical illustration of an intermediate adaptive fitness land-
scape. Mutational effects at four pairs of positions are linked and at
11 pairs of positions are independent. (C) Hypothetical illustration of
a rugged adaptive fitness landscape. All positions are linked to all other
positions, so that the product of two single-mutant effects is rarely equal
to the double-mutant effect.

Analysis of these variants revealed several pairs of covary-
ing positions that corresponded to base pairs in the secondary
structure of the ribozyme but provided little information
about other types of correlations (Curtis and Bartel 2005).
This limitation was due in part to the properties of the
pool from which these ribozyme variants were isolated:
because positions were mutagenized at a relatively low rate
of 20% per position, variants were much more likely to retain
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FIGURE 2. Activity and secondary structure of kinase ribozyme 5-16.
(A) The 5-16 ribozyme thiophosphorylates itself at an internal 2’ hy-
droxyl group using GTPYS as a substrate. (B) Secondary structure and
minimized catalytic core of 5-16.

the nucleotide of the parental ribozyme at a given position
than to contain a mutational change. This effect is especially
pronounced for interacting positions. For example, consider
a base pair at which A—U is present in the initial isolate of the
ribozyme, at which a G-C mutational change is neutral, and
at which all other mutational changes inactivate the ribo-
zyme. In a pool mutagenized at a rate of 20% per position,
99.3% of the active variants will contain an A-U at this posi-
tion, whereas only 0.7% will contain the neutral G-C change
(Ekland and Bartel 1995). Because neutral changes at corre-
lated positions will occur only rarely in a randomly mutagen-
ized pool, a large number of sequences would be required to
establish the significance of correlations, especially at pairs of
positions that are only weakly correlated.

To enhance our ability to identify correlated positions
in this ribozyme, a pool was synthesized using a method of
in vitro recombination called synthetic shuffling (Ness et al.
2002). Variable positions in this pool corresponded to posi-
tions that varied among previously isolated ribozyme variants
(Curtis and Bartel 2005). For example, at position 11 in the
minimized catalytic core of the ribozyme, at which most of
our previously isolated ribozyme variants contain a U but
two contain a C, the pool was synthesized to encode 50%
U and 50% C (Supplemental Fig. 1). A pool synthesized in
such a way will contain an equal number of each of the pos-
sible recombinants at a given pair of variable positions.
Furthermore, because other positions in the pool are variable,
each of these recombinants will occur in many different se-

1118 RNA, Vol. 19, No. 8

quence backgrounds. By analyzing the sequences of ribozyme
variants isolated from such a pool, we hoped to obtain in-
formation about the extent to which mutational changes at
different pairs of positions in the ribozyme were correlated
in the context of a large number of sequence backgrounds.
A second possible advantage of this approach was that, if
different mutations were responsible for the improved cata-
Iytic activity of ribozyme variants used to design our syn-
thetically shuffled pool, and if the effects of these mutations
were independent of one another, combining them into
single molecules would generate ribozymes with even greater
activities.

For our purposes, synthetic shuffling had several advantag-
es over the more common method of DNA shuffling, in
which homologous DNA sequences are randomly fragment-
ed using DNase I and reassembled by mutually primed an-
nealing and PCR amplification (Stemmer 1994a,b; Crameri
et al. 1998). First, even nucleotides that are close in the pri-
mary sequence of the ribozyme can be readily recombined
by synthetic shuffling, whereas the recombination frequency
between two positions in a pool generated by DNA shuffling
is expected to be proportional to the distance between them.
This was especially important considering the small size of
the ribozyme used in these experiments, as well as the need
to recombine nucleotides that, in some cases, occurred con-
secutively in the primary sequence. Second, because syn-
thetic shuffling does not rely on DNA annealing, even
blocks of sequence linked by highly variable joining regions
can be efficiently recombined. Third, the method is extreme-
ly straightforward from a technical perspective. Although not
a concern for our study, a potential disadvantage of synthetic
shuffling relative to DNA shuffling is that ribozymes cannot
be recombined unless their sequences are first known.

Pool synthesis and in vitro selection

Our synthetically shuffled pool consisted of two subpools.
Subpool A incorporated sequence variation from both the
catalytic core (P2-P4) and flanking region (P1 and P5) of
six of the most efficient kinase variants previously isolated
by random mutagenesis and reselection (Curtis and Bartel
2005). Subpool B incorporated mutations from the mini-
mized catalytic core (P2-P4) of each of 22 previously de-
scribed kinase variants (Curtis and Bartel 2005), as well as
mutations from P1 and P5 of two of these variants. The
two subpools were mixed in equal amounts to generate the
starting pool, which contained, on the average, nine copies
of every possible sequence encoded by each subpool.

To isolate kinase ribozymes from this pool, RNA was incu-
bated with GTPyS (Lorsch and Szostak 1994; Curtis and
Bartel 2005), and molecules that became thiophosphorylated
during the incubation were isolated on N-acryloylamino-
phenylmercuric chloride (APM) polyacrylamide gels (Igloi
1988; Unrau and Bartel 1998). These molecules were then
amplified by RT-PCR and transcribed to generate RNA for
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the next round of selection. After three rounds, the pool cat-
alyzed self-thiophosphorylation as efficiently as the fastest ki-
nase ribozymes used in its design, and after two or three more
rounds of selection, molecules from the pool were cloned and
sequenced. Most of the isolated sequences were from subpool
A, and we restricted our comparative sequence analysis to
members of this subpool.

Of the subpool A sequences tested, ~70% were catalytical-
ly active, corresponding to 65 different ribozyme variants.
These ribozymes typically differed from one another at
15 to 30 positions, and the most closely related variants dif-
fered from one another by at least five mutations, indicating
that most or all were independently derived. Although the
primary sequences of these ribozymes could be readily
aligned (Supplemental Fig. 1), an unambiguous alignment
of secondary structure elements could only be generated
for portions of the sequence corresponding to the 50-nt min-
imized catalytic core of the ribozyme (Fig. 3). For this reason,
we focused our analysis on the 14 variable positions, and
(14x13)/2 =91 possible pairs of positions in this portion
of the sequence (Fig. 4A).

Identification of correlated pairs of positions
using mutual information

To identify correlated positions in our alignment of syntheti-
cally shuffled ribozyme variants, mutual information values
were calculated for each of the 91 possible pairs of positions
in the alignment. Mutual information indicates the extent to
which the nucleotide identity at one position in a sequence
alignment provides information about the nucleotide at a
second position (Chiu and Kolodziejczak 1991; Gutell et al.
1992) and has been previously used to identify correlated po-
sitions in both functional RNAs (Gutell et al. 1986, 1992;
Chiu and Kolodziejczak 1991; Gautheret et al. 1995; Brown
et al. 1996) and proteins (Martin et al. 2005). To assess the
significance of these mutual information values, 1000 control
alignments were generated in which the order of nucleotides
in each variable column of the ribozyme alignment was ran-
domly shuffled while preserving nucleotide composition.
Because average mutual information values derived from
these control alignments varied by up to 12-fold at different
pairs of positions, a separate cutoff for significance was deter-
mined for each pair of positions analyzed. To assess whether
pairs of positions might be correlated due to biases during
pool synthesis, mutual information values were also deter-
mined for these 91 pairs of positions in an alignment of 89
sequences from the starting pool.

This analysis revealed a high degree of correlation between
different positions in the ribozyme. For example, using as a
cutoff for significance a mutual information value that oc-
curred only once in every 100 pairs from shuffled control
alignments, our analysis revealed that mutational changes at
13 pairs of positions in the ribozyme were significantly corre-
lated (Fig. 4B,C; Table 1; Supplemental Table 1). In contrast,
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FIGURE 3. Active variants of a synthetically shuffled kinase ribozyme.
Only the catalytic core of the ribozyme (containing the 14 positions an-
alyzed by mutual information) is shown. Colored bars indicate paired
regions in the ribozyme secondary structure. Numbers at the top of
the alignment indicate shuffled positions and correspond to those in
Figure 4A. Based on their frequencies in the synthetically shuftled
pool, substitutions shown in red were predicted to increase the efficiency
of the initial ribozyme isolate, and substitutions shown in pink were pre-
dicted to decrease the efficiency of the initial ribozyme isolate. Boxes in-
dicate substitutions that were not encoded in the pool but likely
occurred during RT-PCR. Ribozymes are arranged in approximate or-
der of activity when assayed at 30 pM GTPyS. See Supplemental
Figure 1 for a full alignment of these sequences.
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parallel analysis of the 89 sequences of the starting pool in-
dicated that none of these 91 pairs were correlated at this
significance cutoff (Fig. 4D,E). Although using such a cutoff
was expected to yield less than one false positive for 91 pairs
of positions analyzed (Fig. 4B), it was also expected to under-
estimate the true number of correlated pairs of positions. By
analyzing the data using a spectrum of cutoffs for significance
of mutual information values and subtracting the expected
number of false positives, we estimate that mutational chang-
es at ~30 out of 91 pairs of positions analyzed were correlated
in at least some sequence backgrounds (Fig. 4B).

To search for higher-order relationships among correlated
pairs of positions, we investigated the extent to which pairs
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FIGURE 4. Network of correlated positions in the kinase ribozyme. (A) Secondary structure of the minimized catalytic core of the ribozyme.
Positions that were variable in the synthetically shuffled pool are numbered. (B) Number of correlated pairs of positions in the ribozyme variants
observed at the indicated cutoffs for significance of mutual information values (O, red bars). For comparison, the expected number of correlations
in a randomly shuffled sequence alignment is also plotted (E, blue bars), with the number of correlated pairs observed in excess over those expected by
chance indicated (numbers above bars). (C) Heat map showing the significance of mutual information correlations for each of the 91 pairs of analyzed
positions in the ribozyme alignment. (D) Number of correlated pairs of positions in the starting pool observed at the indicated cutoffs for significance
of mutual information values. Otherwise, as in panel B. (E) Heat map showing the significance of mutual information correlations for each of the 91
pairs of analyzed positions in an alignment of sequences from the starting pool. (F) Network of correlated positions among the 14 synthetically shuf-
fled nucleotides in the minimized catalytic core of the ribozyme. Lines indicate 13 pairs of positions with mutual information values expected to occur
no more than once in every 100 randomized control alignments (P < 0.01). (G) Same as panel F, except lines indicate 26 pairs of positions with mutual
information values expected to occur no more than once in every 20 randomized control alignments (P < 0.05). (H) Number of 3-nt modules in the
ribozyme network observed at the indicated cutoffs for significance of mutual information values (O, red bars). For comparison, the expected number
of 3-nt modules in a randomly shuffled network with the same number of links is also plotted (E, blue bars), with the number of modules observed in
excess over those expected by chance indicated (numbers above bars).

overlapped to form networks of linked positions. Such over-
lapping pairs were observed at all mutual information signif-
icance cutoffs examined. For example, using a 0.01 cutoff for
significance, seven of the 14 variable positions in the ribo-
zyme catalytic core formed a network in which all positions
were linked, either directly or indirectly, to all other positions
(Fig. 4F). Increasing the significance cutoff to 0.05 increased
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the connectivity of this network such that it included 13 of
the 14 variable positions in the ribozyme (Fig. 4G). Examina-
tion of these networks also revealed groups of positions
(“modules”), in which all positions were directly linked to
all other positions. Modules of 3 nt (i.e., 15-20-22) were
most abundant, although at less stringent cutoffs modules
of 4 (i.e., 9-20-42-47) and 5 nt (i.e., 15-20-22-23-47)
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TABLE 1. Expected and observed dinucleotide frequencies for the 13 most strongly
correlated pairs of analyzed positions in the kinase ribozyme

Mutual
Positions information Probability Dinucleotide Expected Observed
20 and 47 1.11 <0.001 AA 5 1
AG 7.6 0
AU 4.4 16
CA 9.1 2
CG 13.8 28
CU 8.1 1
UA 5 16
UG 7.6 1
uu 4.4 0
22 and 23 0.57 <0.001 AA 0.3 0
AG 12 1
AU 6.1 17
A- 0.6 1
CA 1.5 0
CG 0.6 0
CuU 0.3 1
C- 0.03 0
GA 0.7 1
GG 28.4 40
GU 14.5 3
G- 1.4 1
15 and 23 0.37 <0.001 AA 0.5 0
AG 18.9 9
AU 9.7 19
A- 0.9 2
GA 0.5 1
GG 22.1 32
GU 11.3 2
G- 1.1 0
15 and 22 0.27 <0.001 AA 8.8 17
AC 0.5 1
AG 20.8 12
GA 10.2 2
GC 0.5 0
GG 24.2 33
20 and 42 0.19 <0.001 AC 12 9
AU 5 8
CC 22 29
CuU 9.1 1
ucC 12 8
uu 5 9
11 and 28 0.18 <0.001 CA 5.7 3
CG 56.3 59
UA 0.3 3
UG 2.7 0
15 and 20 0.18 <0.001 AA 7.8 5
AC 14.3 22
AU 7.8 3
GA 9.2 12
GC 16.7 9
GU 9.2 14
11 and 12 0.16 0.001 CcC 1.9 0
CU 60.1 62
ucC 0.09 2
uu 2.9 1
20 and 22 0.2 0.002 AA 5 1
AC 0.3 1
AG 11.8 15
(continued)

were also observed (Fig. 4G). Modules
were significantly more abundant in ri-
bozyme networks than they were in ran-
domized control networks with the same
number of links. For example, five differ-
ent 3-nt modules were observed in the ri-
bozyme network generated using a 0.01
significance cutoff (Fig. 4F). In contrast,
networks containing five or more 3-nt
modules were never observed in 500 ran-
domized control networks. By perform-
ing our analysis using a spectrum of
cutoffs for significance of mutual infor-
mation values and subtracting the ex-
pected number of false positives, we
estimate that the correlation network of
this ribozyme contains ~20 modules of
3 nt (Fig. 4H).

Analysis of correlations
by site-directed mutagenesis

To further assess the significance of these
correlations, we investigated the extent to
which they could be confirmed using
site-directed mutagenesis. For each pair
of positions tested, the effects of point
mutations on self-thiophosphorylation
activity of the ribozyme were determined
at each individual position and compared
to the double-mutant effect (Carter et al.
1984; Wells 1990; Mildvan et al. 1992;
Horovitz 1996). Rates were calculated
from reactions performed at subsaturat-
ing GTPyS concentrations (Fig. 5A),
and thus the relative rates reflected rela-
tive reaction efficiencies (analogous to
keat/Ky, for multiturnover reactions).
The departure from independence, D,
was defined as the product of the two sin-
gle-mutant effects divided by the double-
mutant effect. For independent posi-
tions, the double-mutant effect should
equal the product of the two single-mu-
tant effects (D = 1), whereas for correlat-
ed positions the double-mutant effect
could be either larger (D < 1) or smaller
(D > 1) than that predicted from the sin-
gle-mutant effects.

Mutational effects were initially exam-
ined in the context of the reference ribo-
zyme shown in Figure 4A. This construct
lacked P1, P5, and both primer-binding
sites, and it contained six mutations
that occurred frequently among the
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TABLE 1. Continued

(Fig. 5B,C; Table 2). Two of these pairs
(11-28 and 20-47) corresponded to

Mutual base pairs in the secondary structure of

Positions information Probability Dinucleotide Expected Observed the ribozyme, two (11-12 and 12-28) in-
CA 9.1 16 volved correlations between neighboring
cc 0.5 0 base pairs in a helix, and two (15-22 and
ca 2D s 15-23) represented previously undetect-
Bé gg é ed interactions between opposite sides
UG 1.8 15 of a loop (Fig. 4A). Mutational effects at

22 and 47 0.18 0.002 AA 5.6 3 the remaining pairs tested in this muta-
AG 8.5 15 tional background were either modestly
fd ol ! coupled (four pairs) or independent
CCGA 8:43‘ 8 (three pairs) (Fig. 5C; Table 2). D values
cuU 0.3 1 were also determined for 16 pairs of po-
GA 13.2 16 sitions with mutual information values
GG 20.1 14 below our cutoff for significance. Al-
cu U1 & though several of these pairs were mod-

9 and 20 0.17 0.003 AA 13.3 11 .
AC 4 30 estly coupled, most were independent,
AU 13.3 10 and this independence spanned more
CA 0.3 0 than a 1000-fold range in self-thiophos-
cC 0.5 0 phorylation efficiencies (Fig. 5C; Table 3).
cu 0 L Although mutational effects at about
gé z; ? half of t.he most highly correlated pairs
GU 3.4 6 of positions were strongly coupled, the

12 and 28 0.11 0.005 CA 0.2 2 number of correlations that could not
CcG 1.8 0 be experimentally confirmed was higher
UA 5.8 4 than expected. Furthermore, D values
uG 57.2 59 . .

A2 and 47 o 0.009 CA el i predlcte.d from the sequence alignment
cG 20.5 26 often differed considerably from those
Cu 12.0 10 measured by mutagenesis. For example,
UA 5.6 9 at positions 15 and 23, AU occurred 19
UG 8.5 3 times, GU occurred two times, AG oc-
uu 5.0 7

curred nine times, and GG occurred 32

The probability column indicates the fraction of pairs in 1000 randomized control align-
ments with mutual information values > the value from the ribozyme alignment.

synthetically shuffled ribozymes isolated in the selection.
This ribozyme was chosen as a reference for three reasons.
First, it was among the most efficient ribozyme variants gen-
erated in these experiments, which enabled characterization
of mutants with efficiencies reduced by up to 10*-fold.
Second, using a construct that lacked P1 and P5, which are
not essential for ribozyme function (Curtis and Bartel
2005) and could not be readily aligned in our alignment of
synthetically shuffled kinase ribozymes, directed our focus
to correlations in the most functionally important and
well-understood part of the ribozyme. Third, we anticipate
that the relatively small size of this construct might facilitate
future structural studies that would enable interpretation of
these correlations in the context of a three-dimensional fold.

Of the 13 most highly correlated pairs of positions identi-
fied by mutual information analysis, mutational effects of six
were strongly coupled when analyzed in our reference muta-
tional background, with D values ranging from ~10° to 10°
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times (Table 1). Based on these frequen-
cies, the predicted D value for the 15-23
pair (using AU as the reference) was
(19/2) x (19/9)/(19/32) = 34, but the val-
ue determined by site-directed mutagenesis was more than
20-fold higher (Table 2). One possible explanation for these
observations is that D values for certain pairs can be strongly
dependent on differences at additional positions in the ribo-
zyme. To test this directly, D values for six of the most
strongly correlated pairs were tested in alternative mutational
backgrounds. In each case, the alternative background dif-
fered from the reference background at a single position
that was correlated with at least one of the positions in the
pair being tested. For example, because positions 15 and 22
were both correlated with position 23 according to mutual
information analysis, the D value for the 15-22 pair was
determined in both the reference 23U and alternative 23G
backgrounds. In four of six cases, D values were strongly de-
pendent on mutational background, and for one example,
the D value changed by more than 100-fold (Table 2). This
analysis also revealed several pairs of positions for which mu-
tational effects were independent in the original background
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FIGURE 5. Testing whether correlations indicate functionally coupled nucleotides. (A) Plot of
observed rates of the reference ribozyme as a function of substrate concentration, showing that
30 pM GTPyS is below saturation for this construct. (B) APM polyacrylamide gel showing the
effects of the 15A to 15G, 22A to 22G, and 15A-22A to 15G-22G mutations. Mutational effects
at these positions were strongly coupled, with a D value of 170 in the mutational background
used here. Reactions were performed in ribozyme selection buffer, in the presence of 1 uM ribo-
zyme and 30 pM GTPyS. (C) The relationship between the product of the two single-mutant ef-
fects (x-axis) and the double-mutant effect (y-axis) for the 13 most strongly correlated pairs of
positions (red diamonds; mutual information significance values < 0.01) and 16 less strongly cor-
related pairs (blue diamonds; mutual information significance values > 0.01). The line indicates
the expected relationship if the product of two single-mutant effects always equaled the double-
mutant effect. Sequences and relative efficiencies of mutants used to calculate these D values are
given in Supplemental Table 2.

Combining advantageous mutations
can produce more efficient
ribozymes

Although the self-thiophosphorylation
efficiencies of the ribozymes used to build
our synthetically shuffled pool were up
to 40 times greater than that of the initial
isolate, the mutations responsible for the
increased activity of these variants were
not known, and the extent to which com-
bining them into a single molecule would
generate a more efficient ribozyme was
not clear. To address these questions, we
first investigated whether ribozymes iso-
lated from the synthetically shuffled
pool were more active than the ribozymes
used to build it. This turned out to be the
case: Improved ribozymes derived from
both subpools were identified. The most
efficient of these ribozymes (derived
from subpool B) was 30 times more effi-
cient than any of the ribozymes used to
build the pool and 1300 times more effi-
cient than the initial isolate (Fig. 6A),
with a keo/ Ky of 880 M~ min~" (adopt-
ing these multiple-turnover parameters
for this single-turnover, self-thiophos-
phorylation reaction). Under optimized
conditions, this ribozyme was even more
efficient, with k., of 0.4 min™", K., of 30
uM, and k.,/Kyy of 1.3 x 10* M™! min™"
(Fig. 6A,B).

We next set out to identify some of the
mutations responsible for the increased
activity of the isolated ribozymes and
to directly show that combining them
would produce even more active ribo-
zymes. At nine out of 14 variable positions
in the minimized core of the ribozyme,
mutational changes (relative to the
sequence of the initial isolate) were iden-
tified that were more common than ex-
pected based on the composition of the
starting pool (shaded in red in Fig. 3).
The advantageous effects of six of these
changes (derived from two different pa-
rental ribozymes used to build the pool)

tested but either strongly coupled (22 and 23) or modestly
coupled (9 and 20) in a second mutational background
(Table 2). As a negative control, D values for six pairs of un-
correlated positions were also determined in a second muta-
tional background. For these six examples, D values did not
significantly change when measured in the alternative back-
ground (Table 3).

could be verified by site-directed mutagenesis. In the context
of a minimized version of the initial isolate of the ribozyme,
the 11U-12C-28A to 11C-12U-28G change (derived from
the A-25 ribozyme used to build the pool) increased ribozyme
efficiency 32-fold (Fig. 6C; Table 4). The 16U-20A-47U to
16A-20C-47G change (derived from the A-24 ribozyme
used to build the pool) increased ribozyme efficiency 23-
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TABLE 2. D values for the 13 most strongly correlated pairs of
analyzed positions in the kinase ribozyme

Positions mutated Background D
9 and 20 Ref (42C, 44V) 1.2
42U, 44U 0.8
42C, 44A 0.4
22 and 23 Ref (15A, 16A) 0.9
15G, 16A 0.07
15A, 16U 0.6
15 and 22 Ref (23V) 170
23G 12
15 and 23 Ref (22A) 790
22G 59
11 and 28 Ref (12V) 110,000
12C 500
20 and 42 Ref (9A) 2.7
9G 1.8
12 and 28 Ref 350
20 and 47 Ref 1,100
11 and 12 Ref 53
12 and 11-28 Ref 90
15 and 20-47 Ref 0.3
22 and 20-47 Ref 3.5
42 and 20-47 Ref 1.1

Sequences and relative efficiencies of mutants used to calculate
these D values are given in Supplemental Table 2. Background se-
quences were either the reference sequence (Ref) or the reference
sequence with the indicated changes.

fold (Fig. 6C; Table 4). The mutational effects of the 11U-12C-
28A to 11C-12U-28G and 16U-20A-47U to 16A-20C-47G
changes were independent of one another: the efficiency of a
ribozyme in which these changes were combined was more
than 600-fold greater than that of the initial isolate of this ri-
bozyme (Fig. 6C; Table 4). Mutational effects of other combi-
nations of mutations at positions 11-12-28, 16, and 20-47 were
also generally independent (Table 4).

Several other mutations that were predicted to increase the
activity of the ribozyme could not be rationalized by site-di-
rected mutagenesis. Out of 65 ribozymes selected from the
synthetically shuffled pool, 31 contained the 15G-22G-23G se-
quence (Fig. 3), yet this change was deleterious in several dif-
ferent sequence backgrounds, as well as in the context of the
full-length ribozyme. One possible explanation for this finding
is that this mutational change only increases the activity of the
ribozyme in the presence of additional substitutions in P1 and/
or P5. Because this portion of the sequence could not be reli-
ably aligned, such substitutions could not be identified.
Alternatively, this mutational change might increase the fitness
of ribozyme variants in the context of a selection (for example,
by making them better templates for RT-PCR amplification)
without increasing their thiophosphorylation efficiency.

Analysis of the sequence alignment of kinase ribozymes
isolated in this selection also revealed several mutations likely
to be deleterious based on their frequencies (shown in pink
in Fig. 3), although the effects of these mutations were not
tested by site-directed mutagenesis. Taken together, these
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results suggest that the ribozymes used to build the recom-
bined pool, which were previously isolated from a randomly
mutagenized pool (Curtis and Bartel 2005), contained
both beneficial and deleterious mutations and that synthetic
recombination followed by in vitro selection was a useful op-
timization strategy for at least two reasons: it combined ben-
eficial mutations from different ribozyme variants into single
molecules, and it removed deleterious mutations from these
ribozymes.

DISCUSSION

One of the questions we set out to address in this study was
whether the adaptive fitness landscape of a previously isolat-
ed kinase ribozyme was smooth or rugged (Fig. 1). Our re-
sults indicate that this fitness landscape is more rugged
than might have been expected. Approximately 30 of the 91
pairs of positions examined showed some evidence of corre-
lation as determined by mutual information analysis, and
many of these pairs overlapped to form networks in which
each position was correlated, either directly or indirectly, to
all other positions in the network (Fig. 4). This number of cor-
relations is significantly greater than either the two (11-28 and

TABLE 3. D values for 16 pairs of analyzed positions in the kinase
ribozyme that were not correlated at a significant level

Positions mutated Background D
9 and 42 Ref (20C) 1.9
20U 1.3
9 and 44 Ref (20C) 1.4
20U 3.7
11 and 16 Ref (12U) 3.4
12C 1.1
12 and 16 Ref (11C) 1.7
11U 2.2
16 and 22 Ref (23U) 4.0
23G 2.7
16 and 23 Ref (22A) 1.1
22G 1.7
16 and 41 Ref (44U) 1.4
44A 3.0
16 and 44 Ref (41U) 1.4
41G 1.6
20 and 44 Ref (9A) 2.7
9G 0.9
41 and 44 Ref (16A) 2.0
16U 1.1
9 and 43 Ref 0.6
11 and 43 Ref 0.2
12 and 43 Ref 0.8
15 and 16 Ref 1.3
43 and 44 Ref 0.5
16 and 20-47 Ref 4.6

Sequences and relative efficiencies of mutants used to calculate
these values are provided in Supplemental Table 2. Background
sequences were either the reference sequence (Ref) or the refer-
ence sequence with the indicated changes.
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FIGURE 6. Isolation of improved ribozymes by synthetic shuffling. (A) APM polyacrylamide gel
showing time course of 5-16 (the initial isolate of the kinase ribozyme), A-25 (one of the most
efficient ribozymes used to build the synthetically shuffled pool), and Rec 7-5 (one of the most
efficient ribozymes isolated from the synthetically shuffled pool). Reaction conditions were 0.2
uM ribozyme, 0.2 pM each blocking oligonucleotide (when necessary), 10 pM GTPYyS, and ribo-
zyme selection buffer. The reaction of Rec 7-5 in an optimized buffer (30 mM CaCl,, 200 mM
KCl, 100 mM HEPES, pH 7.2) is also shown at the far right. (B) Michaelis-Menten parameters
for the Rec 7-5 ribozyme. Reactions included 0.2 pM ribozyme and 0.2 uM each blocking oligo-
nucleotide in optimized ribozyme selection buffer (30 mM CaCl,, 200 mM KCI, 100 mM HEPES,
pH 7.2). (C) APM polyacrylamide gel showing the effects of the 11U-12C-28A to 11C-12U-28G
and 16U-20A-47U to 16A-20C-47G substitution either individually or in combination. The 11C-
12U-28G substitution was derived from the A-25 ribozyme, and the 16A-20C-47G substitution
was derived from the A-24 ribozyme. Reactions were performed in ribozyme selection buffer, in
the presence of 1 uM ribozyme and 30 uM GTPyS.

et al. 1973; Freier et al. 1986). Correlated
pairs of positions also occurred more fre-
quentlyin this ribozyme than they typical-
ly do in proteins (Gregoret and Sauer
1993; Lunzer et al. 2005; Pal et al. 2005).

Ofthe 13 most strongly correlated pairs
of positionsidentified by mutual informa-
tion analysis, seven also displayed strongly
coupled effects when mutated (Fig. 5C;
Table 2). Our conclusions with regard to
the remaining six correlations were less
clear. Although correlations of this
strength were unlikely to occur by chance
and did not occur in the starting pool, mu-
tational effects at these pairs were either
weakly coupled (five pairs) or indepen-
dent (one pair) and could not be differen-
tiated from mutational effects at pairs of
positions with lower mutual information
values (Fig. 5C; Tables 2, 3). Although
we cannot rule out the possibility that
some of these correlations are unrelated
to ribozyme function but instead repre-
sent interactions that contributed to the
overall fitness of a ribozyme during the se-
lection, we suggest that many reflect con-
straints that are important only in certain
sequence backgrounds. In one case, we
have shown this higher-order dependency
directly: in the reference (15A-16A) and
15A-16U backgrounds, mutational effects
at positions 22 and 23 were independent,
whereas in the 15G-16A background, mu-
tational effects were strongly coupled
(Table 2). This idea is also consistent
with our finding that D values can be ex-
tremely sensitive to mutational back-
ground (Table 2), as well as with results
from several other studies. For example,
in some cases, pairs of functional groups
in RNA and DNA hairpins interact only
in the presence of a functional group at a
third site (Moody and Bevilacqua 2003;
Moody et al. 2004), and mutations that
are stabilizing in one sequence back-
ground can be destabilizing when tested
in a different background (Guo et al
2006). Background-specific effects have
also been observed for RNA tertiary inter-
actions such as base triples (Gautheret
etal. 1995).

20-47) expected based on the secondary structure alone, or the
four (11-12, 11-28, 12-28 and 20-47) expected based on a
nearest-neighbor model in which positions in a base pair are
also correlated with positions in flanking base pairs (Tinoco

Mutational effects at pairs of positions in this ribozyme
could be coupled for several reasons. The simplest inter-
pretation is that each correlation reflects a direct physical
interaction between two positions, although this does not
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TABLE 4. Substitutions that increase the efficiency of the
minimized catalytic core of the kinase ribozyme

Fold increase

Mutation(s) in efficiency

None —

11U-12C-28A to 11C-12U-28G 32

16U to 16A 0.75

20A-47U to 20C-47G 8.3

11U-12C-28A to 11C-12U-28G and 16U 20
to 16A

11U-12C-28A to 11C-12U-28G and 220
20A-47U to 20C-47G

16U to 16A and 20A-47U to 20C-47G 23

11U-12C-28A to 11C-12U-28G, 16U to 630

16A and 20A-47U to 20C-47G

Reactions were performed in ribozyme selection buffer, in the
presence of 1 pM ribozyme and 30 pM GTPyS.

necessarily imply an interaction in the catalytically active fold
of the ribozyme. For example, correlations might represent fa-
vorable interactions that occur only during ribozyme folding.
Correlations might also reflect selection against nonproduc-
tive interactions that would otherwise occur during or after
folding. Of the seven correlated positions at which mutational
effects were strongly coupled, four could be rationalized in
terms of the existing secondary structure model of the ribo-
zyme. These correlations corresponded to either base pairs
(11-28 and 20-47) or interactions between neighboring
base pairs (11-12 and 12-28). Three other pairs (15-22, 15—
23, and 22-23) provided evidence for a previously undetected
interaction between opposite sides of a loop. Of the remaining
correlations, the 15-20, 15-47, 20-22, 22—47, 20-23, and 23—
47 pairs were the most compelling. Each of these pairs provid-
ed evidence for a link between the two parts of the 15-20-22—
23-47 module that are distant in the secondary structure of
the ribozyme (Fig. 4A, G), and mutational effects at the four
pairs that were tested were modestly coupled (Table 2).

A second goal of these experiments was to determine
whether homologous recombination could be used to search
the adaptive fitness landscape of this ribozyme for molecules
with optimized properties. Although previous studies have
shown that functional RNAs isolated from random sequences
can typically be optimized using a combination of random
mutagenesis and reselection (Ellington and Szostak 1990;
Ekland and Bartel 1995), methods to further optimize these
RNAs have not been extensively explored. In one approach,
diversity was produced by fusing an RNA ligase ribozyme
with weak polymerase activity to a random-sequence accesso-
ry domain. A more efficient and general polymerase was suc-
cessfully isolated from the resulting pool (Johnston et al.
2001). In another study, a technique called nonhomologous
random recombination was used to generate a pool of topo-
logical variants of a DNA aptamer to streptavidin (Bittker
etal. 2002). The affinity of one of these variants toward strep-
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tavidin was 46-fold greater than that of the aptamer used to
build the pool. Nonhomologous random recombination
was also used to generate a pool of topological variants of a nu-
cleotide synthase ribozyme (Wang and Unrau 2005).
Although the ribozyme variants isolated from this pool were
not faster than the ribozyme used to build it, some were
considerably smaller. It is also known that recombination
between different aptamer domains can generate molecules
with the binding properties of both parental aptamers
(Burke and Willis 1998), and recombination by random-
priming was used in combination with several other ap-
proaches to improve the activity of an RNA polymerase ribo-
zyme (Wochner et al. 2011). In this study, we found that
recombination of point mutations by synthetic shuffling was
an effective way to further improve a kinase ribozyme that
had been previously improved by random mutagenesis and
reselection: the activity of the most efficient kinase ribozyme
isolated was 30-fold greater than that of the most efficient
kinase used to build the synthetically shuffled pool and
1300-fold faster than that of the initial isolate (Fig. 6A). We
anticipate that the method described here will provide a useful
way to optimize other functional RNA molecules, and when
used in combination with high-throughput sequencing (Pitt
and Ferre-D’Amare 2010), mutual information analysis, and
site-directed mutagenesis, it has the potential to provide ad-
ditional information about RNA adaptive fitness landscapes.

MATERIALS AND METHODS

Pool synthesis

Our synthetically shuffled pool was generated from two smaller
pools, called subpool A and subpool B. Subpool A incorporated mu-
tations from kinase variants A-29, A-25, A-24, A-7, A-8, and A-1
(Curtis and Bartel 2005) and had the sequence 5-GGAUGCCU
GGUAAAGDRMGAKDAUACUACCCGRGYYGGRDGCAHGRKC
ACGRCAUAAUCGGUAGKYWHGCDUGCRYKSCHYDSKWYAH
GBWGCAGVDDCYUCBBAAGUCAAUAGCCUAGGG-3'. Sub-
pool B incorporated mutations from the minimized catalytic core
(P2-P4) of each of 22 previously described kinase variants (Curtis
and Bartel 2005), as well as mutations from P1 and P5 of A-29
and A-25, and had the sequence 5-GGAUGCCUGGUAAAGKRM
GAGKAUACUACCCGVGYYGGRNGSMNSDKCACGRCAUWRU
CGGUAGDHHHRYDKRYRCKSCMYWSUUYAUGUAGCAGVW
RCYUCBSAAGUCAAUAGCCUAGGG-3' (R=AorG;Y=Cor U;
M=AorC;K=GorU;S=GorCW=AorU;H=A,UorC;B=
G, UorCG V=G, AorGD=G,Aor Uy N=G, A, Cor U; primer
binding sites shown in bold, and connected to the pool by AA link-
ers). The two subpools were mixed in equal amounts to generate the
starting pool, which contained, on the average, nine copies of every
possible sequence encoded by each subpool.

In vitro selection

In vitro selection was as previously described (Curtis and Bartel
2005). Briefly, pool RNA was incubated with GTPYS, and molecules
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that became thiophosphorylated during the incubation were isolat-
ed on APM polyacrylamide gels, amplified by RT-PCR, and tran-
scribed to generate RNA for the next round of selection. In round
1, the pool was incubated for 5 min at 100 uM GTPYS; in rounds
2 and 3, the pool was incubated for 1 min at 100 pM GTPyS; in
rounds 4 and 5, the pool was incubated for 6 sec at 100 pM
GTPyS; and in round 6, the pool was incubated for 6 sec at
10 uM GTPyS. As was the case in the reselection of 5-16 following
random mutagenesis (Curtis and Bartel 2005), pool RNA was not
dephosphorylated before each round of selection.

Ribozyme sequences

The sequences of active ribozymes isolated from subpool A are
shown in Supplemental Figure 1. The sequence of Rec 7-5, which
was isolated from subpool B, is GGAUGCCUGGUAAAGUACGA
GGAUACUACCCGCGUUGGAUGCAUCAACACGGCAUUAUCC
GAUAGGUUUAUUGAUACAGCACUGUUUAUGUAGCAGAUA
CUUCCGAAGUCAAUAGCCUAGGG.

Mutual information analysis

A sequence alignment containing 65 synthetically shuffled kinase
ribozymes derived from subpool A was used for this analysis. Each
of these ribozymes appeared to be independently derived (most
sequences differed at 15 to 30 positions), and at 30 pM GTPyS,
most had reaction rates within 50-fold of the fastest ribozyme isolat-
ed. An unambiguous alignment of secondary structure elements
could be generated only for portions of the sequence corresponding
to the minimized catalytic core of the ribozyme (P2-P4), and we fo-
cused our analysis on the 14 variable positions and 91 possible pairs of
positions in this portion of the sequence. Mutual information values
for each of these 91 pairs were calculated as previously described
(Gorodkin et al. 1999). To determine the significance of mutual in-
formation, values from the ribozyme alignment were compared
to values from 1000 control alignments, which were generated by ran-
domly shuffling the order of nucleotides in each column in the ribo-
zyme alignment. Because average mutual information values derived
from these control alignments varied by up to 12-fold at different
pairs of positions, a separate cutoff for significance of mutual infor-
mation values was determined for each pair of positions analyzed.

Kinetic analysis

Ribozyme reactions were performed as previously described (Curtis
and Bartel 2005). The 65 synthetically shuffled kinase ribozymes iso-
lated in the selection were characterized at 1 pM ribozyme, 1 pM
each blocking oligonucleotide, and 30 uM GTPYS, in ribozyme se-
lection buffer (10 mM MgCl,, 5 mM CaCl,, 200 mM KCI, 100
mM HEPES, pH 7.2). Rates of the 49 mutants used to determine
D values were measured at 1 pM ribozyme and 30 pM GTPyS.
Pilot experiments indicated that 30 uM GTPyS was subsaturating
under these conditions. Rates were typically determined from at
least four points in the initial phase of the reaction using formula
(1), where k is the observed rate constant and ¢ is time.

(1) Praction reacted = 1 — e **

Due to the slow rates of some mutants, rates were not normalized
to the fraction of reacted ribozyme. On the average, rates changed

by less than twofold when measured using different ribozyme
preparations.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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